Purpose The purpose of this study was to evaluate engraftment and adverse events with a conditioning and prophylactic regimen intended to achieve high rates of engraftment with minimal graft-versus-host disease (GVHD) in allogeneic transplantation for chronic granulomatous disease in a single center. Methods Forty patients, 37 male, with chronic granulomatous disease were transplanted. Transplant products were matched sibling peripheral blood stem cells (PBSCs) in four and matched unrelated donor (MUD) bone marrow in three, and one patient received mismatched unrelated PBSCs. Thirtytwo patients received MUD PBSCs. All patients received a conditioning regimen of busulfan/alemtuzumab (with lowdose total body irradiation for MUD recipients) with sirolimus graft-versus-host disease prophylaxis. Results Engraftment occured in 38/40 recipients (95%). Acute or chronic GVHD occurred in 18 (45%) and 5 (12.5%), respectively, with 6 episodes of grades III-IV and/or steroid refractory GVHD. Overall survival was 33/40 (82.5%) and event-free survival was 30/40 (80%). Successful engraftment was associated with myeloid and NK cell, but not CD3+ chimerism. Myeloid engraftment was greater than 70% in 30/32 recipients at mean follow-up of 3.4 years. Evidence of persistent immunodeficiency was not seen in successful transplants. Attempts to rescue failed or poorly functioning grafts were associated with unacceptable morbidity and mortality. Conclusions A reduced-intensity allogeneic transplant protocol based on alemtuzumab and busulfan with sirolimus GVHD prophylaxis produced high rates of successful engraftment and minimal regimen-related toxicity. Prolonged clinical follow-up has confirmed its efficacy in ameliorating CGDrelated disease. Outcomes were not acceptable with donor cell infusion rescue of cause with poor graft function.
Introduction
Chronic granulomatous disease of childhood is the most common primary immunodeficiency disorder specifically impairing the function of phagocytic cells, with approximately 1/200,000 live births affected in the USA. The defect in the myeloid lineage cells has made hematopoietic stem cell transplantation (HSCT) a curative option that is recommended therapy by some authorities [1] . The special considerations related to CGD and HSCT relate to the need for successful myeloid engraftment in a population with a substantial pretransplant burden of infectious and inflammatory disease. Transplant outcomes have been addressed in numerous studies, often with small numbers and/or with substantial variation in conditioning regimens [2] [3] [4] [5] [6] . HSCT provides better survival and clinical outcomes than conventional treatment, but rejection with the need for subsequent retransplantation has been needed [1, 7] . The heterogeneity of conditioning regimens makes it difficult to ascribe outcomes to individual components of the transplant procedure.
This point is illustrated in an initial report from European centers, in which T cell replete grafts and myeloablative (majority) conditioning led to a survival of 85.2% with grades 3-4 graft-versus-host disease (GVHD) in 4 of 27 recipients, with 4 deaths (all in patients with pretransplant refractory fungal infections) [8] . A subsequent report details results of 56 patients from 16 centers in 10 countries with reduced-intensity conditioning consisting of fludarabine/busulfan, with antithymocyte globulin (ATG) or alemtuzumab added for matched unrelated donor (MUD) transplants. This resulted in an event-free survival of 91% at 2 years and overall survival of 96%. There were three graft failures. GVHD grades 2-4 occurred in 11% and grades 3-4 in 4% (all MUD). Two deaths occurred, both in cases of steroid-refractory GVHD [9] .
The US National Institutes of Health (NIH) reported results using matched sibling donors in 10 patients, with cyclophosphamide, fludarabine, and ATG conditioning, in addition to requiring a CD34+ cell dose of 5 × 10 6 /kg (mean dose achieved 7.9 × 10 6 ) with depletion and then enrichment of the graft with CD3+ cells to achieve a final dose of 1 × 10 5 / kg in all recipients. Of 10 patients, one highly alloimmunized recipient never engrafted but did have autologous recovery, and a second patient rejected after 8 months. Donor lymphocyte infusions were used in all but one patient. GVHD grades 2-4 occurred in three, with one death from grade 4 gastrointestinal (GI) and skin GVHD [10] .
Here, we report our results with a regimen utilizing alemtuzumab and weight-based busulfan, with low-dose total body irradiation (TBI) for MUD recipients, and sirolimus GVHD prophylaxis. The regimen is designed to achieve maximum engraftment rates with minimal regimen-related toxicity (RRT) and low rates of GVHD grades 2-4.
Methods Study Design and Procedures
We conducted a study to determine the efficacy and safety of non-myeloablative allogeneic HSCT for patients with CGD. The study was approved by the institutional review board of the National Institute of Allergy and Infectious Diseases and was independently monitored for safety and data accuracy. Written informed consent and assent were obtained for all patients and donors in accordance with the Declaration of Helsinki.
Patients between the ages of 2 and 65 years were eligible if they met the following criteria: confirmed CGD by dihydrorhodamine (DHR) 123 assay and confirmatory molecular testing, with sufficient complications from the CGD to warrant the risk of transplantation.
A 6/6 matched related donor (MRD), or 9-10/10 MUD donor was required. For unrelated donors, the donor is highresolution matched (4 digits) at HLA-A, HLA-B, HLA-C, DRB1, and DQB1. For matched siblings, the donor and recipient are low-resolution HLA typed at class I (HLA-A, HLA-B, and HLA-C), and high-resolution confirmatory typing is performed for class II (DRB1 and DQB1). For peripheral blood stem cell collection at the NIH Clinical Center, matched related and unrelated donors received 5-6 days of granulocyte colony-stimulating factor (10 μg/kg/day), followed by apheresis on day 5 with the goal of collecting at least 5 × 10 6 CD34+ cells/kg of the recipient's body weight. Recipients were evaluated for HLA antibodies and the presence of McLeod syndrome.
Conditioning Regimen
Conditioning consisted of alemtuzumab 0.03 mg/kg on day −8, 0.1 mg/kg day −7, 0.3 mg/kg days −6 to −4, and intravenous once-daily busulfan 5 mg/kg days −3 and −2. A series of busulfan levels were obtained at the end of the first infusion, but doses were not adjusted on this basis. MUD recipients received 300 cGy total body irradiation (TBI) on day −1. Cells were infused on day 0. Sirolimus (5 mg every 4 h for 3 doses and then 5 mg daily in adults, 3 mg/m 2 on the same schedule for pediatric patients) was begun on day −1 and adjusted to maintain trough levels between 10 and 20 ng/ml.
Supportive Care
We followed standard guidelines for supportive care established at the NIH Clinical Center for patients undergoing allogeneic HSCT. Mucositis was graded according to the NCI Common Terminology Criteria for Adverse Events Grading Scale.
T, B, and NK Cells
CD14+ monocytes, CD3+/CD56+ NK cells, CD19+ B lymphocytes, and CD3+ T lymphocytes were quantified by flow cytometry pretransplantation and at designated intervals posttransplantation.
Analysis of Chimerism
Engraftment of donor cells was assessed using polymorphisms in regions known to contain short tandem repeats. Peripheral blood CD14+, CD3+/CD56+, CD19+, and CD3+ cells were selected using flow cytometry at the designated time points, and chimerism was assessed on these subpopulations. In addition, CD14+/CD15+ myeloid cells and CD3+ T lymphocytes were selected using immunobeads, and chimerism was assessed on the selected cells. The lower limit of sensitivity for this method is 1-3% of donor-type polymorphic markers in the mixture; these sensitivities are on the basis of studies using mixtures of known proportions of allogeneic DNA samples.
Statistical Analysis
Overall survival and event-free analyses were conducted. The event-free survival is a composite outcome, i.e., either rejection, graft function poor enough to necessitate a donor cell infusion or new transplant, or death. The log-rank statistic was used to test the association between clinical variables and survival. S-Plus program was used in the statistical analyses. S-PLUS is a commercial implementation of the S programming language sold by TIBCO Software Inc., Palo Alto, CA.
Results
From 2007 to 2015, 40 patients were transplanted, of whom 37 were male. Transplant characteristics are shown in Table 1 . Ages ranged from 4 to 32 years, mean [16] [17] [18] [19] [20] [21] [22] [23] , with 23 (58%) children <18 years of age. All patients had confirmed CGD, which was X-linked (XL, CYBB, gp91 phox ) in 34, autosomal recessive (AR) p22 (CYBA p22 phox ) in 2, AR p47 (NCF1 p47 phox ) in2, and AR p40 (NCF4, p40 phox ) in 2. The distribution of NADPH-oxidase activity by DHR 123 assay in transplanted patients as a cohort of our institutional database is shown in Fig. 1 . Two patients received second transplants, one of whom received a second transplant from the same donor.
Matched sibling peripheral blood stem cells (PBSC) were used in four cases, matched unrelated bone marrow in three, and one patient received mismatched (9/10, mismatch at HLA-A) unrelated PBSCs. No non-sibling 6/6 related donors were used. The remaining 32 products were PBSCs from 10/ 10 HLA-matched unrelated donors. The median total nucleated cell dose (TNC) was 27. Conditioning was generally well tolerated, with only two patients experiencing grade 3 mucositis, one episode of posterior reversible encephalopathy syndrome, and no other organ dysfunction suggestive of sinusoidal obstruction syndrome or interstitial pneumonitis. The administration of alemtuzumab was almost always associated with fever and rigors, and these responded rapidly to antipyretics and meperidine, with the exception of a single case in which fevers persisted through and after the alemtuzumab, heralding a recrudescent Burkholderia cepacia complex bacteremia prior to neutropenia.
The indication for transplantation in five patients was inflammatory disease, predominantly inflammatory bowel disease or GI obstruction/stricture, or urinary tract obstruction. Twelve patients had predominantly infectious complications, such as lymphadenitis, pneumonia, osteomyelitis, and liver abscess. A mixed picture with infections and inflammatory disease was the indication for transplantation in 23 patients.
Major infections active at transplant included two pneumonias without microbiologic diagnosis, Aspergillus nidulans pneumonia and spinal osteomyelitis, Scedosporium apiospermum pneumonia and spinal osteomyelitis, liver abscess from Pyrenochaeta romeroi with extension through the diaphragm and involving the spine, Nocardia pneumonia, two cases of Aspergillus pneumonia with spread to the central nervous system, and fungal pneumonia with two species of Phellinus. Of nine patients with active infection, seven received granulocyte transfusions, which began at the onset of neutropenia and continued until neutrophil engraftment. One additional patient received granulocyte transfusion for B. cepacia complex sepsis that began during conditioning, prior to neutropenia. With the exception of this last patient, persistence of their major infection despite prolonged conventional therapy was an indication for proceeding with transplant.
Median days of neutropenia were 13.5 (IQR 10.5-17.5), days to engraftment 19.5 (IQR 20-25.5). Primary failure to engraft neutrophils occurred in two cases. Platelets were never lower than 20 × 10 9/ ml in nine cases and never lower than 50 × 10 9 /ml in one. In 12 cases, platelet transfusions obscure the period to platelet engraftment >20 × 10 9 /ml. Days to platelet count >50 × 10 9 /ml were 27 (IQR 16-28.5). Two patients never had platelet engraftment. Two patients with the McLeod blood phenotype successfully engrafted.
Overall survival was 82.5% (33/40) and event-free survival 80% (30/40) at a median follow-up of 3.4 years (Fig. 2) . Overall survival at 2 and 3 years are the same, 81.3% (95% CI 69.7%, 94.9%) and event-free survival at 2 and 3 years are the same, 74.8% (95% CI 62.5%, 89.6%). For associations with overall and event-free survival, the univariate analysis is shown in Table 2 . Multivariate analysis did not show greater ability to predict events than univariate analysis. Graft chimerism for myeloid engraftment at day 30 was 98-100% in all successful engraftments and is shown in Fig. 3 for 30 recipients with persistent graft function through day 1146. CD19+ and NK cell engraftments in assessable cases (too few cells in 23 cases) were 88% (IQR 56-98.5) and 97% (IQR 88-99), respectively. Day 100 myeloid and NK chimerisms were associated with overall survival (P = 0.033 and 0.024, respectively). For overall survival, both day 30 myeloid and NK chimerisms (P = 0.034 and P = 0.023, respectively) and day 100 myeloid chimerisms (P < 0.001 and P = 0.008, respectively) were predictive. Mean CD3+ cell chimerism was 71% (IQR 10-96) at day 30, in 35 evaluable cases. Day 30 CD3+ cell counts were median 69 × 10 9 /ml (IQR 24-157.5) in 30 evaluable cases. Day 100 myeloid chimerism in 37 cases was median 100% donor (IQR 98-100), CD3+ cell chimerism 33.5% (IQR 5-89), NK cell % 98.5 (IQR 89-100), and CD19+ cell median 93% (IQR 86-100). Mixed CD3+ cell chimerisms are shown in Fig. 4 for 30 recipients with persistent graft function through day 1146. Day 100 CD3+ cell counts were median 76.5 × 10 9 /ml (IQR 35.25-220) in 33 evaluable cases.
Viral reactivation occurred in 26 cases (CMV 12, EBV 18, CMV/EBV 4, EBV/BK 2). One child had CMV viremia prior to conditioning. Only one case of EBV-associated post-transplant lymphoproliferative disease (PTLD) occurred and was managed successfully with rituximab. Thirteen patients had bacteremias, four of which were prior to neutropenia.
Outcomes for recipients with the composite endpoint of rejection/poor graft function/death are shown in Table 3 . Six deaths were associated with grades III-IVor steroid-refractory GVHD. One of these deaths occurred in a primary graft failure patient, and in five of these cases (three after day 100), donor cell infusions were given to boost poor graft function and/or declining myeloid chimerism, or in one case, refractory Evans syndrome with mixed B cell chimerism. One patient died of cerebral Aspergillus infection as a complication of the treatment of severe skin GVHD. One death occurred after aplasia developed after a busulfan-conditioned transplant for late rejection of the first graft. The relation of myeloid and CD3+ cell chimerisms to outcomes in five patients who received donor cell infusions is shown in Fig. 5 .
Two patients had primary graft failure. Cell doses were 2.86 and 6.94 × 10 6 CD34+ cells/kg. Both had received intensive transfusion, including granulocytes, and one was demonstrably broadly alloimmunized. This latter patient received an infusion of the stored autologous product which we keep to avoid prolonged aplasia, as he had both hemorrhage (at an ostomy site) and a new infiltrate before recovery, which then occurred at day 51 (neutrophils) and day 73 (platelets). The second patient with primary graft failure died of renal failure and the complications of GVHD after a donor cell infusion. Two patients died after infusion of donor cells without conditioning, one in the context of steroid-refractory GVHD and one as a consequence of GVHD after the infusion to boost poor graft function for declining chimerism. Four patients died after retransplantation (with conditioning). One death was due to central nervous system aspergillosis that developed during corticosteroid therapy for GVHD. We utilized granulocyte transfusions to support nine patients with active infections (all fungal with the exception of one Nocardia pneumonia) during transplant-induced neutropenia. None had progression of their infection during transplant. Two patients had undiagnosed pulmonary infiltrates during transplantation and an additional patient, who would develop fatal dissemination of Aspergillus disease to the brain, probably developed invasive pulmonary aspergillosis during engraftment, but no confirmatory diagnosis was made.
Fifty-six diagnostic procedures to evaluate tissue for GVHD were performed in 26 patients. Twenty-one of these biopsies (37.5%) were not consistent with GVHD. There were 18 episodes of acute GVHD (skin 13, GI tract 10, liver 3). As noted above, in six cases, death was attributed to complications of grades 3-4 or steroid-refractory GVHD. All other cases responded to either topical therapy or a short course of 1 mg/kg of prednisone daily. Five cases of chronic GVHD involved the skin, oral cavity, and eyes. All chronic GVHD was limited in extent, mild in severity, and resolved at last follow-up with one exception, continued use of topical therapy for mild ocular disease. All patients successfully stopped sirolimus.
Myeloid engraftment of 97% or greater was present in 27 and greater than 70% in 30/32 recipients evaluable at the latest follow-up. Only one recipient had a myeloid chimerism <50% at the latest follow-up, and this patient still had resolution of his susceptibility to frequent/severe infections. After transplant, no further infectious episodes suggestive of immunodeficiency occurred after successful myeloid engraftment, and the manifestations of inflammatory disease, principally obstructive and inflammatory gastrointestinal disease, were cured, although protein-losing enteropathy did persist in one case.
Discussion
This non-myeloablative conditioning regimen, with weightbased busulfan, alemtuzumab, low-dose TBI, and sirolimus GVHD prophylaxis, provided excellent results, with survival of 82.5% in a population of patients with a heavy burden of disease from CGD and risk assessed by residual oxidase production. Surviving patients with engraftment have remission of their CGD-related diseases, whether inflammatory or infectious, at a mean follow-up of 3.4 (IQR 2-5) years. The decision in transplanting patients is confounded by the need for a potentially life-saving intervention in a patient least likely to tolerate the complications of transplantation. Several patients in this protocol were transplanted in the context of aggressive and medically uncontrollable infection. Residual oxygen intermediate production, as assessed by DHR 123 assay, Fig. 1 , demonstrates an important discrepancy between predicted illness/mortality and objective data combined with a patient's or provider's subjective opinion that the risk of HSCT is proportional to the impact of the disease. For instance, two outliers with normal ROI production were patients with inflammatory bowel disease, and the lack of correlation with ROI production and gastrointestinal disease has been shown [11] .
The risk of conditioning with busulfan and alemtuzumab was associated with manageable toxicities, with frequent grade 1-2 mucositis and reactions to alemtuzumab that required only symptomatic treatment. There was no indication of severe end-organ busulfan toxicity (neurologic, pulmonary or sinusoidal obstruction syndrome) even though we made no modifications to the weight-based dose, nor was there a statistical association with engraftment by busulfan level. Data on dose adjustments and therapeutic drug monitoring (TDM) are conflicting, and our result is not in accordance with literature that suggest that TDM is mandatory [12, 13] . In a recent non-comparative multicenter European trial, treosulfan was well tolerated as an alternative to busulfan. However, although mucositis was acknowledged as one of the commonly reported toxicities of both agents, it is absent from the assessed treosulfan toxicities, and thus, comparison for that factor is not possible [14] . Long-term toxicities with low-dose TBI remain to be determined, but the methodologic challenges in attributing long-term events to TBI when the toxicities of multiple components of the conditioning are similar is an unsolved dilemma [15] .
Ten patients had unacceptable outcomes, with two primary graft failures, one of whom survived, one secondary failure with survival after autologous recovery, and seven deaths, of which six were subsequent to donor cell infusions that led to severe or steroid-refractory GVHD and its attendant complications. The statistical interpretation that relates chimerism to outcome in this context is clouded by the disproportionate effect of unmanipulated donor cell infusions or retransplantation, so that adverse outcomes are associated with our response to chimerisms rather than to an objective measure of chimerism itself. This response was often driven by the presence of comorbidities which had already made successful transplantation the only viable option for some of our patients. For instance, the patient with a Pyrenochaeta (fungal) lung abscess with extension across the diaphragm received a 5/6 matched transplant which we would have not used in any other circumstance. The development of GVHD predictably led to the patient's demise. Rather than excuse adverse outcomes as related to the severity of illness present at transplantation, we think it is critical to review the events that led to deaths, since we had no deaths associated with rejection alone. Risks for graft failure (heavy alloimmunization) were identifiable in two cases, although only two cases of primary failure occurred [16] . There is an important component of infectious mortality during the course of patients with failed engraftment or GVHD. These patients had a significantly higher (P = 0.002) incidence of K. pneumoniae bacteremia (5/10), although not of bacteremia overall. This obscures the effect of multi-drug Event free survival resistant KPC (K. pneumoniae carbapenemase)-producing K. pneumoniae bacteremia in two cases in which this infection, virtually untreatable at the time of these events, contributed directly to the death of the patient. We changed our management of failed transplantation in the course of this protocol, as deaths occurred in patients who rejected and then developed eventually fatal GVHD/endorgan failure after donor cell infusions or retransplantation. Second transplantation for graft failure has been successful in patients with non-malignant diseases, but no CGD patients are included in the largest series, which reported only 20% survival in malignant diseases [17] . We no longer consider donor cell infusions for declining chimerism. Two failures to engraft in adults with a history of prior granulocyte transfusions and alloimmunization suggest that the current immunosuppression and cell dose are not sufficient to overcome that barrier. Both patients survived, one with autologous recovery and one with receipt of a banked autologous rescue product, which we obtain prior to transplantation whenever possible. The results of transplantation for CGD vary depending on the population and conditioning. Gungor et al. reported the multicenter European experience in 56 patients with reduced-intensity conditioning based on busulfan, fludarabine, ATG/thymoglobulin, or alemtuzumab. Graft failure occurred in 5% with stable chimerism in 52 (93%) survivors [9] . A small series (3 patients) utilizing this regimen led to graft loss in all patients, which the authors associated with multiple factors, among them differences in busulfan exposure [18] . Martinez et al. reported the results of myeloablative conditioning, based on busulfan, cyclophosphamide and cytarabine (MRD) or fludarabine (MUD), with alemtuzumab added in all cases. All 11 patients reached >95% chimerism before day 100, but thereafter, two had declining chimerism which stabilized at a mean of 70%. Table 1 Myeloid chimerism 3  5  6  8  9  10  11  12  13  14  15  16  17  18  19  20  22  23  26  27  28  29  30  32  33  34  35  36 Table 1 occurred in 4/11 [6] . The results of a subsequent international multi-center trial using regimens most similar to the reducedintensity conditioning of Gungor et al. are less favorable than those of Gungor and Martinez, as noted above, with overall survival of 91.4%, with 12% graft failure and 12% grades 3-4 GVHD, but the variability in conditioning, other than the use of treosulfan as noted above, is substantial [14] .
We chose to use alemtuzumab based on its success in other non-malignant diseases and a favorable toxicity profile, which is needed in transplanting patient with active disease and organ dysfunction. The majority of patients had successful and sustained engraftment with some mild acute GVHD. We believe we have provided data on the evaluation of our patients for tissue evidence of GVHD that is often lacking in the transplant literature. The diagnosis of GVHD remains clinical, and so, this report from a single center with extensive pathologic data contributing to the diagnosis may obviate some of the observer bias that might lead to unrealistically low levels of GVHD in some reports. Only two cases of grades 3-4 GVHD occurred after first transplant; all others followed donor cell infusions with or without conditioning.
Higher alemtuzumab levels have been associated with a lower risk of acute GVHD, but also more mixed chimerism and delayed lymphocyte recovery [19, 20] . We have not used therapeutic drug monitoring with alemtuzumab, and the analysis of our data may point in a different direction in seeking improvement in outcomes. Statistical significance for outcomes (event free and overall survival) in our data is heavily weighted toward myeloid and NK cell chimerisms, but not CD3+ cell chimerism. Our population does demonstrate persistent mixed CD3+ cell chimerism, but without evidence that this influences the success of myeloid engraftment. Long-term engraftment has been associated with CD3+, NK, and myeloid chimerisms, and these may support the importance of myeloid and NK cell chimerism as found in our study, although CD3+ chimerism has often been a predictive factor [21, 22] . NK cells might contribute to long-term engraftment via downregulation of CD8+ T cell proliferation [23] . They may also influence CD4+ T cell and donor-derived dendritic cell-mediated graft-versus host disease [24, 25] .
The other component of immunomodulation in our protocol is sirolimus, an inhibitor of mTOR which has been used successfully as GVHD prophylaxis and for its immunetolerizing activity [26, 27] . The latter may contribute to the fact that prolonged CD3+ cell cytopenias had no statistical effect on the success of engraftment. The combined use of alemtuzumab and sirolimus is derived from that used in transplantation for sickle cell disease, but CGD is a state of broad immune dysregulation rather than just cytopenias or singlecell line dysfunction, as seen in the substantial number of patients in our cohort who either had isolated inflammatory disease or non-infectious inflammatory disease in combination with infections. DCI unmanipulated donor cell infusion, TX same donor cell infusion with conditioning, GI gastrointestinal, SR steroid refractory, KPC Klebsiella pneumoniae carbapenemase-producing, CNS central nervous system, DAH diffuse alveolar hemorrhage, VOD veno-occlusive disease of the liver This is the largest single-center report on HSCT for CGD. It thus has the advantage of consistency of approach. The data set has limitations that do not allow for characterization of some variables of interest. The population is overwhelmingly X-linked CGD, male, and the majority of transplant products were PBSC/MUD (30/37), and so the numbers in our cohort do not allow us to distinguish between success rates in these categories.
If there was a comparably large and lengthy experience with a myeloablative regimen as used by Martinez et al. incorporating alemtuzumab and GVHD prophylaxis based on a calcineurin inhibitor that achieved superior results, it would support the use of a more myeloablative regimen to improve engraftment, combined with additional measures for GVHD prophylaxis. Modification of the alemtuzumab regimen might influence the high rate of mixed chimerism in our study. However, the influence of mixed chimerism is not apparent in our statistical analysis that finds no association of outcome with CD3+ cell chimerism. T cell depletion was a component of our institution's initial experience with HSCT for CGD, and we abandoned that strategy in favor of that used in the current report because of our dissatisfaction with our previous results [10] . PBSCs were the preferred product in this protocol because of the higher cell dose available to potentially aid in overcoming barriers to engraftment in this population. Whether strategies that employ newer technologies for T cell depletion and quantitated T cell add back would alter the utility of this strategy might be tested.
In summary, this non-myeloablative regimen for HSCT in CGD yields high rates of engraftment. This is attenuated by severe adverse consequences as a result of rescue therapies for failed engraftment. In order to improve these results, our preference in ongoing work is to target a higher cell dose to improve engraftment and to use post-transplant cyclophosphamide to ameliorate the risk of GVHD. Table 1 
